Importance: Diagnosis codes are inadequate for accurately identifying herpes zoster (HZ) ophthalmicus (HZO). There is significant lack of population-based studies on HZO due to the high expense of manual review of medical records.
INTRODUCTION
Herpes zoster (HZ), commonly known as shingles, is caused by reactivation of varicella zoster virus (VZV), persisting latently in the dorsal root ganglia. [1] [2] [3] [4] The speculated triggers of the reactivation include immunosuppression, stress, etc. 5 After the prodromal stage of pain, 6 VZV moves along sensory nerves and reaches the skin and manifests as HZ. The typical sign of HZ is a vesicular rash on a single dermatome and it is typically diagnosed by its distinctive unilateral dermatomal distribution of the rash. 2 HZ could occur at any body location but the most affected dermatomes are chest, head and neck, lower back and buttock. 7 When HZ occurs in the ophthalmic division of the trigeminal nerve, it is defined as HZ ophthalmicus (HZO). [8] [9] [10] [11] [12] The ophthalmic division has several branches that lead to scalp, forehead, eyelid, eye and nose. 4 If the eye was infected, it is called HZO with ophthalmic (ocular) complication. Without antiviral therapy, 50-72% of HZO patients will develop into HZO with ophthalmic complication, 1 which is the second most common HZ complication 9 with serious sequelae including chronic ocular inflammation, loss of vision and debilitating pain that may require long-term treatment. 11, 13 Despite its importance, it has been a challenge to identify HZO cases. The International Classification of Diseases, 9th and 10th Revision, Clinical Modification (ICD-9-CM and ICD-10-CM) for HZ are not dermatome specific. Although there are codes for HZO with ocular complications (ICD-9-CM codes 053.2x in Table 1 ), there are no specific codes for HZO. For HZO without ocular complications, the most appropriate ICD-9-CM code is 053.9 (HZ without mention of complication) which is also used for the majority of HZ cases. Therefore, the overall burden of HZO is underestimated if solely relying on 053.2x. In addition, the ICD-9-CM codes for HZ often lack accuracy when incorrectly used for history of HZ, another viral infection or a differential or unconfirmed diagnosis. 14 To identify HZO cases, studies relied on manual review of chart notes which is expensive and timeconsuming. Most of the published studies on HZO are case reports with a limited number of epidemiology studies. 8, [15] [16] [17] Compared to HZ, there is significant lack of population-based studies on HZO.
In 2017, a new shingles vaccine (Shingrix) was approved and recommended for healthy adults aged 50 years and older, 10 years earlier than the recommendation for another shingles vaccine, Zostavax. However, Shingrix's significant costs to the healthcare system and patients warrants cost-effectiveness studies to better identify at-risk patients besides their age. Therefore, there is a great need to identify HZO patients and study their characteristics and outcomes.
With the wide adaptation of electronic medical record (EMR) systems, chart notes are electronically available to both clinical care and research. Natural language processing (NLP) is a computer-based method that has been utilized to identify and extract information from the chart notes. When compared to manual chart review of medical records, NLP can be more efficient and produce more consistent results. 18 In order to support population-based studies on HZO, we developed and validated an NLP algorithm to identify HZO (with or without ophthalmic complications). We applied the algorithm on a large HZ population and compared the HZO versus non-HZO patients on their risk factors and patients characteristics.
METHODS

Study setting
This study was conducted at Kaiser Permanente Southern California (KPSC), an integrated healthcare organization with over 7000 physicians that provides prepaid comprehensive health care to 4.5 million members who are both racially and socioeconomically diverse. 19 Members receive medical care in KPSC-owned facilities and contracting facilities. KPSC maintains extensive electronic health records that store medical information about sociodemographics, utilization (outpatient, emergency department and inpatient encounters), diagnoses, laboratory tests, pharmacy utilization, vaccination records, membership history and death. While some information in coded fields, some were collected as free text formatted clinical notes, pathology reports and radiology reports. The prepaid health plan provides strong motivation for members to use services at a KPSC facility. The Institutional Review Board at KPSC approved this study.
Study population
We selected KPSC members aged 18 years or older with a new diagnosis of HZ (ICD-9-CM code of 053. xx) between 1 January 2012 and 31 December 2014. We excluded patients with an HZ diagnosis in the prior year. The first diagnosis date during the period was defined as the index date. Patients had to have at least 6 months membership prior to the index date so that co-morbidities and healthcare utilization could be ascertained. All clinical notes from 7 days before the index date to 30 days after the index date from each patient were extracted. The interval was chosen based on the typical timeframe for progression of HZO (Fig. S1, Supporting information) . 6, 10, 11 Training and validation data sets
On the basis of the sample size calculation, 20 using a conservative prevalence rate of HZO among HZ population of 10%, 21 a validation data set of 351 is needed when the expected algorithm has sensitivity and specificity at 0.9, precision of 0.1 and confidence interval (CI) of 95%. Therefore, we randomly selected 1000 patients to create the NLP training and validation data sets. Thirty-nine patients were excluded because they had external claims that were not submitted with associated chart notes (n = 19) or had a diagnosis of post-herpetic neuralgia (n = 20). The medical records of the remaining 961 patients were double-reviewed by trained research associates for the presence of HZO. The results were compared (Cohen's kappa = 0.89) and discrepancies were resolved with input from two physicians. These chart review results served as the reference standard against which NLP was compared. The cases were randomly assigned into a training data set (n = 500) and a validation data set (n = 461).
NLP algorithm development
The NLP modules included sentence splitting, tokenization, part-of-speech tagging, parsing and indexing. 18 Terminologies were created to capture HZ-related information (Table S1) . 6, 9, 10 The NLP search was carried out for each clinical note on three levels: sentence, neighbouring sentences and section (Fig. S2 ). Relationship detection algorithm was applied to relate the identified signs or symptoms to the affected dermatome. Negation and temporal relationship detection algorithms were applied to identify and exclude negated, uncertain, historical and future statements. An HZO case was confirmed when the three dimensions (HZ, HZO signs or symptoms, and their affected dermatome) were identified in the same clinical note. The NLP algorithm was developed and iteratively improved using the training data set.
NLP algorithm validation
Performances of NLP were evaluated against the validation data set at the patient level. The numbers of true positives, false positives, true negatives and false negatives were calculated. Sensitivity, specificity, positive predictive value (PPV), negative predictive value and positive and negative likelihood ratios were then derived based on those numbers.
Application of NLP algorithm and analysis
The NLP algorithm was then applied to the complete population of HZ patients to identify those with HZO. Sensitivity of diagnosis codes for HZO was examined by comparing the percentage of patients with HZO codes to the percentage of HZO patients identified by NLP. Patient characteristics, medical encounters in the 6 months before the HZ episode and co-morbidities were compared between the HZO and non-HZO patients. The co-morbidities were suggested to have an association with HZ or HZO. 16, 22, 23 P-values were calculated using chisquare test for all the categorical variables, and Wilcoxon test for all the continuous variables. The significance threshold was set at 0.05. Logistic regression was used to estimate the odds ratio (OR) and 95% CIs. Age, sex, race/ethnicity, healthcare utilization, co-morbidities and the year of HZ diagnosis were adjusted using multivariate models.
RESULTS
A total of 49 941 patients with HZ were identified by HZ codes (053.xx). The majority of clinical visits were to primary care (65.1%), urgent care (21.3%), emergency room (6.0%), dermatology (1.5%) and ophthalmology (1.2%). Only 1.7% of the patients had a 053.2x code ( Table 1 ) and 57% of those were given by the ophthalmologists.
When compared with the validation dataset (n = 461), NLP achieved 95.6% sensitivity and 99.3% specificity. The PPV was 93.5% and negative predictive value was 99.5%. The positive and negative likelihood ratios were 132.5 and 0.04, respectively (Table S2) .
The NLP algorithm was applied to 1 006 503 clinical notes from the 49 941 HZ patients and identified 6926 (13.9%) HZO patients. The characteristics of HZ patients with and without HZO are presented in Table 2 . The proportion of HZO cases among HZ patients increased with age. The proportion of HZO cases among all HZ patients was lowest for age 18-29 years (11.3%) and highest for age ≥80 years (15.4%). Compared to the non-HZO group, the HZO group was older, had more males, had more Whites and had more outpatient visits in the 6 months prior to the index date (P-value < 0.001). 
DISCUSSION
In our study population, the majority (94%) of HZ cases (053.xx) were coded as 053.9 (HZ without mention of complication). Only 1.7% had the HZO diagnosis (053.2x) which is consistent with the number (2.5%) reported by Weitzman et al. 24 This was much lower than that detected by our NLP approach (13.9%) and the aforementioned chart review and survey studies. This suggested a low sensitivity of diagnosis codes for HZO and highlights the importance of our NLP approach.
As the majority of HZ cases are not HZO, manual review of a large number of charts is often needed to identify HZO cases. In contrast to HZ, there is a significant lack of epidemiological or population-based studies on HZO as discussed in previous publications. 8, 16, 17 Our results demonstrate the feasibility of using an automated method to identify HZO cases from a population with HZ. The NLP algorithm was applied on a large HZ population (n = 49 941), 50 times bigger than the previously largest retrospective studies on HZO (n = 1000), which relied on manual chart review. 25 Over 1 million clinical notes were searched in a few hours on a single server.
Among HZ cases, the proportion of HZO cases varies among studies using chart review or survey methods ( Table 4 ). The most cited proportion of HZO among patients with HZ is 10-25% based on a 1982 publication from six studies. 21 In recent studies, the proportion of HZO among HZ patients was 12.3% (837 HZ patients), 15 and 14.4% (8103 HZ patients). 7 Based on our NLP results, the proportion of HZO among HZ patients was 13.9% (49 941 HZ patients), which is similar to that reported in the latest studies.
Many studies reported a trend of increasing HZ incidence. 8 Our data suggested that the proportion of HZO cases among HZ cases might be increasing from 2012 to 2014, but the difference was not statistically significant. This could be evaluated with additional years of data.
Studies showed that the HZ incidence rates increased with age. 8 In our study, the proportion of HZO among HZ cases also increases with age. To determine whether this trend was caused by changes in chart documentation with age, we calculated four regression lines for the proportion of HZO cases among HZ cases (Fig. 1) . The top three lines (NLP and text search) have similar slopes. The bottom line (ICD-9-CM code 053.2x) has a smaller but nevertheless a positive slope. These concurring results suggested that not only a person's risk of having HZO increases with age but also at a rate steeper than HZ. Further study is warranted to confirm this finding and determine the possible cause.
The classification of HZ population into HZO and non-HZO groups enables us to perform analyses to compare their differences. Women are reported to have a higher risk for HZ 2,24 but men had a higher risk of HZO compared to other dermatomes. 21 Our study shows that within the HZ population, men are more likely to have HZO. Other than some biologically unknown gender differences, one possible explanation is that men are less likely to seek medical care for HZ 27 but might be more likely to seek medical help for HZO due to its more severe level of pain 7 and sensitive body location. 28 In earlier HZ studies, race/ethnicity was not analysed 7, 21, 24, 29 or certain groups (Hispanic and mixed race) were not included. 16, [30] [31] [32] Our study showed that the risk of having HZO varied by race/ethnicity, and Hispanic were least likely to have HZO. In Hispanic population, childhood varicella and its vaccination are less common, and increased varicella contacts from large households also contribute to the late acquisition of varicella (in adolescence or later) 33 which may boosts VZV-specific immunity and decreases or defers the occurrence of HZ. 27, 34 Our study has a number of unique strengths. It was conducted on a large and diverse population within an integrated care system. To the best of our knowledge, this is one of the largest studies on HZO. In contrast to prior studies, this study used a novel computer-based method to classify HZ patients by the dermatomal location of their symptoms. The method is not relied on any specific clinical features from our institution. Therefore, it should be portable to other healthcare institutions. In the era of big data, NLP is a valuable tool to utilize the tremendous unstructured data in the EMR systems. Besides its usage in research studies, this method can be integrated into the EMR system for improved clinical decision support and care coordination for HZO patients. Proper treatment and follow-up of HZO patients are essential to reduce the risk of developing complications. However, majority of HZO patients were initially treated by nonophthalmologists who may not have the same level of understanding of HZO as the ophthalmologists. For example, an alert can be generated if oral antiviral medication 11 was not prescribed. HZO could be added to the patient's problem list as the risk of future complications is higher for HZO patients. 35 Our study also has potential limitations. This study was limited to patients within a fully insured population in one region of the country. Also, we used the HZ diagnosis code to define our base population; the accuracy of HZ diagnoses could affect the estimated proportion of HZO. The PPV of HZ codes was 84% 36 and 85% 14, 37 as validated by chart review. Our previous study also found that 85% of the patients identified by ICD-9-CM codes were confirmed as HZ by polymerase chain reaction testing. 38 In the future, NLP can be used to increase the accuracy of identifying HZ cases. NLP could also be used to further classify subgroups of HZO cases in which the accuracy of the diagnosis codes is questionable. 24, 39 The list of possible risk factors for HZ is long and speculative. 27, 40 We did not perform a thorough analysis on the risk factors for HZO as it is not the focus of this study. Most of the factors are available in the EMR system that can be assessed in a future study. In addition, we can evaluate the factors of developing subsequent ophthalmic complication. A risk score system can be developed using statistical or machine learning methods based on the factors identified from the structured and unstructured data. The risk score can be used to design a costeffectiveness zoster vaccination strategy.
In summary, we developed and validated an automatic algorithm to identify HZO cases that performed with good sensitivity and specificity. We demonstrated that a computational tool can be used to support a population-based study otherwise infeasible due to the extensive manual chart review that would be required.
As one of the largest studies on HZO, we provide a population-based estimation of HZO among HZ cases, which has been reported in a wide range from previous studies. Our study also compared HZO versus non-HZO cases across age, sex, race and co-morbidities. The proportion of HZO among HZ cases increased with advancing age. Our finding emphasizes the importance of preventing HZ in the elderly population.
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